Conceptual Analyses
Land surface characteristics may affect summer precipitation in the United States in several ways. First, surface processes affect the thermodynamic environment for deep convection through their control of fluxes of heat and moisture into the convective boundary layer (CBL). Thus they affect the moist static energy in the CBL, which is indicative of potential for deep convection. A consensus is evolving that greater surface wetness tends to increase the likelihood and amount of convective precipitation [e.g., Betts et al., 1994; Clark and Segal et al., 1995] . This trend seems to occur even for an atmosphere that is initially moist, where it might be intuitively supposed that sensible heating of the boundary layer would be more important. The reason for this apparent contradiction is that increased surface wetness decreases the daytime Bowen ratio, while only mildly affecting the contribution by the surface moist enthalpy flux to the CBL specific static energy. The decreased Bowen ratio in turn produces a shallower CBL because the CBL growth rate to first order depends only on the sensible heat flux. The surface moist enthalpy flux therefore is concentrated within a shallower layer; additionally, the corresponding reduction of dry entrainment at the top of the CBL effectively increases specific moist static energy in the CBL, promoting development of moist convective systems and increasing precipitation amounts.
Second, surface processes may have local dynamic effects on the atmosphere. In the most direct sense, this could take the form of "inland breeze" type circulations between areas of sharply contrasting land use or surface wetness (termed "non- Third, surface properties may affect remotely regionalscale atmospheric dynamic features such as the low-level jet [McCorcle, 1988] . Regional climate studies have indicated that such modifications of the low-level jet may lead to alteration in rainfall fields [e.g., Giorgi The net effect of surface wetness on moist convective processes therefore is uncertain: A decreased Bowen ratio will tend to promote convective precipitation from the thermodynamic point of view, but in various situations it may reduce the int6nsity of thermally forced circulations that may be necessary to provide the trigger for release of convective instability. In summary, effects of surface processes on regional climate in the United States involve a complex interplay of both thermodynamics and dynamics locally and remotely.
Within the context of the present study, it is possible to evaluate the thermodynamic-related effects in a simplified manner 
Selections of Land Use Data Sets and Model Schemes

Selection of Experimental Periods
The record-breaking 1988 midwest and Great Plains drought and 1993 Great Flood in the upper Mississippi basin are selected as the extreme dry and wet cases, respectively. The 1988 drought was most pronounced in May and June. Although considerable rain fell in July, the hydrological drought continued throughout the summer because of the extreme drying during previous months [Trenberth and Guillemot, 1996] . The summer of 1993 was the wettest in recent history over most parts of the upper Mississippi basin [Kunkel et al., 1994] . A 1 month period covering the peak intensity of the extremes for both the drought and flood year, June 11 to July 11 [Bell and Janowiak, 1995] , was selected for this study. Rainfall over most parts of the United States during summer 1991 was near normal, so the period of June 11 to July 11, 1991, is chosen to represent a normal year. The flow patterns in 1988 summer were dominated by a strong anticyclone over the western United States. The jet stream and associated storm tracks were shifted well north of their climatological position [Mo et al., 1995] . On the other hand, the jet was displaced well to the south in 1993, so much moisture was supplied to the storm track.
Prescription of Land Use
Natural land use types were deduced from Kiichler [1964] by remapping the vegetation classification, which has 116 categories, onto the Biosphere-Atmosphere Transfer Scheme (BATS) classification of 18 categories listed in The most important land use parameters for this study include albedo ((x), minimum stomatal resistance, and surface roughness Zo. Albedo differences between land use types are most pronounced in the near-infrared portion of the spectrum (see Table 1 ). Woodland, which has had the largest areal de- Table 1 ). Woodland has larger roughness (Zo=0.8 m) than crops (Zo=0.06 m) and short grass (Zo=0.02 m). Woodland and cropland have larger maximum leaf area index (LAI =6) whereas short grassland has a value of only 2. The readers are referred to the BATS description for detailed explanations of the various variables [Dickinson et al., 1992] .
Compared with natural land use, the overall albedo decreased by about 2%, whereas surface soil moisture availability increased by 3 % in current land use (Table 2) . Equation ( 
Model and Parameterization Schemes
The regional climate model RegCM2, which was developed at NCAR based on the Penn State/NCAR MM4, is used for this study [Giorgi et al., 1993a, b Initial and boundary conditions (tendencies) were interpolated from the European Center for Medium-Range Weather Forecasts (ECMWF) T42 analyses. Boundary conditions were updated every 6 hours by linear interpolation in time from 12-hourly analyses. Within the buffer zone near the boundaries, the model-predicted variables were nudged to ECMWF analyses. It should be noted that prescription of lateral boundary conditions based on present observations in the natural simulation inevitably produces some biases in predicted fields.
Two of the most important parameterization schemes relevant to this study are those for surface processes and cumulus convection. The state-of-art BATS version le is chosen for the surface processes, while the modified Kuo scheme is chosen for cumulus convection in this study [Anthes, 1977; Kuo, 1974] . This relatively simple cumulus parameterization scheme was chosen for the following reasons: (1) Our previous study [Pan et al., 1996] showed that the Kuo scheme is more sensitive to surface wetness than the Grell scheme [Grell, 1993] . Use of the Kuo scheme therefore amplifies potential change in rainfall because of land use changes, so that The parameters our results can be interpreted as providing an upper limit for the sensitivity to land use. (2) A previous similar study [Copeland et al., 1996] was performed using the Kuo scheme, so that its adoption here facilitates comparison with previous.
results. On the other hand, sensible heat flux decreased by 5.9 mm in response to the land use change, giving a 2.4 mm total gain in enthalpy for current land use. Rainfall increased 2.6 mm (4%) with current land use; thus, the conceptual evaluation of section 2 suggests that for the simulated period in 1991 thermodynamic processes dominated, as a whole, over dynamic processes in producing land use effects on rainfall. It is noteworthy that of the 9.3 mm increase in ET, 2.6 mm may effectively translate into rainfall, implying a 28% recycling rate assuming simulated moisture flux divergence was the same for the two types of land use. Over the western United States both ET and rainfall changes were negative, though small compared to the central United States. (Figures 9a and 9b) . Correspondingly, sen-nent impact of crops on the energy budget is their lower stosible heat flux showed a similar trend but smaller and with matal resistance. This means that the ET increase over crop- 
Results of Simulations for
Distribution of Surface Fluxes and Precipitation
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Flood and Drought Contrast
Flood of 1993
Subdomain-averaged ET differences between the two simulations (current and natural) were of similar trend as those for 1991, whereas the rainfall trend was reversed (see Table 3 
Drought of 1988
Subdomain average surface flux changes between the two land use scenarios are similar to those for the normal year. However, the rainfall difference pattern is the same as in 1993 (see Table 3 ). Spatial correlations between ET and rainfall dif- Crops are assumed to cover 85% of the surface with 15% bare soil within each grid box during summer (Table 1) .
ET increases over the whole western United States because of the hypothetical replacement of grassland and woodland by crops. However, over much of the north central United States where cropland is dominant already, a decrease in ET is simulated (Figure 16a ). This could be due to increased atmospheric water vapor which decreases the moisture gradient between the surface and the atmosphere. Sensible heat flux decreases almost everywhere except over the desert, where it is assumed that no crops are present, and the Great Lakes region (Figure 16b ). Uniform cropland produces more moist static energy despite lower absorbed solar energy ( Figure  16c ). This is because crops transpire more due to their lower stomatal resistance; this increased ET cools the surface and thus reduces outgoing longwave radiation. Crop minus current 1.3 -2.6 3.9 -6. 
